We propose to use high numerical aperture single mode optical fibers like photonic crystal fiber for lensless in-line holographic microscopy. Highly divergent beam helps to overcome the spatial sampling limitation of the image sensor. In this paper, a submicron lateral resolution has been demonstrated, with an imaging sensor of pixel pitch 1.12 m and a photonic crystal fiber of mode field diameter 1.8 m. In earlier methods of single-shot lensless imaging, submicron resolution has been obtained at very small working distance and field of view. The proposed method improves the resolution without compromising the working distance. A working distance of (but not limited to) ∼ 1.7 mm with a field of View ∼ 1.4 mm has been demonstrated. * Corresponding author sanjeevsmst@iitkgp.ac.in (S. Kumar) ORCID(s): 0000-0002-9943-6343 (S. Kumar)
Introduction

Lensless in-line holographic microscopy
Lensless in-line holographic microscopy based on a coherent point source was invented by Dennis Gabor in 1948 to overcome the effects of aberrations in both the electromagnetic and optical lenses (see figure 1 for imaging setup) [1] . In Gabor in-line holography:
Recorded Intensity: ≈ * + * (1) Reconstructed Field:
where denotes the scattered object wave-field, ∶ unscattered reference wave-field, ∶ reconstruction wavefield, all at the observation plane and * denotes the complex conjugates.
The method has been extensively investigated with low numerical aperture (NA) optical sources like pinholes with diameter ∼100-200 micrometers and low NA single mode optical fibers for large field of view (FOV) and telemedicine applications. Limitations of this method include degradation of the reconstucted image by the twin image artifact, low resolution due to limited pixel pitch (∼ 1 m) and small working distance when partially coherent light is used. Twin image artifact is suppressed iteratively using phase retrieval algorithms [2, 3] . Resolution is improved using various superresolution methods based on multiple shot imaging like ptychography [4] and fourier ptychography (synthetic aperture imaging) [5] . These methods give significant improvement in resolution but increase both image acquisition and image reconstruction time. Reduced coherence length in case of partially coherent sources imposes a working distance limit (see [6] ). In most of the reported works, object to sensor distance 2 of less than a millimeter has been demonstrated. Long working distance (in the range of few millimeters) is necessary for variety of imaging applications. Examples in-clude imaging of cells or microbubbles flowing in capillaries or microfluidic channels and cells or tissue cultured in vials.
To overcome the low resolution in single-shot imaging, high NA point sources can be used. A strongly diverging coherent beam can be used to modulate the spatial frequency spectrum of scattered object wave during holographic recording. Some groups have utilized sources coupled to micron and submicron diameter apertures as high NA point sources [7, 8] . Kanka et al has shown an imaging NA of 0.8 using a pinhole aperture of diameter 650 nm with their tile superposition algorithm [9, 10] . This method has a limitation that the illuminated region of the object should be very small as compared to the size of image sensor. Apart from FOV, it also limits the working distance i.e. limits source to object distance 1 (see figure 1 ).
Here we propose an alternative, photonic crystal fibers (PCF) can be used as a high NA single mode coherent light source for digital in-line holographic microscopy (DIHM). It helps to improve the resolution for a large FOV and working distance.
The organization of this paper is as follows: first we discuss the principle of imaging and magnification, when a gaussian beam is used for lensless in-line holography. Then, we discuss the method of recording holograms using a photonic crystal fiber followed by the method of holographic reconstruction. We demonstrate the improvements in resolution and working distance using this principle. Then we present a theoretical discussion about the resolution and working distance which can be expected in lensless holography with a gaussian beam.
Principle of magnification
The principle of imaging and magnification which we have exploited in this paper has been discussed next. A fundamental gaussian mode from an optical fiber gives a spherical phase variation in the far field region. where denotes the phase of the gaussian field, is the wave vector, and are the transverse coordinates and is the axial distance from source to observation plane.
In equation 2, if the reconstruction wave is a plane wave, the recreated field contains an optically magnified copy of the object. The reason has been discussed next. Since = 1; Reconstructed Field: ≈ * + *
The phase parts of the reference beam and its conjugate * in equation 4 act as lens functions. Lens function after paraxial approximations [11] :
where f is the focal length.
Phase of * and : ( , ) ≈ exp(
where z is source to sensor distance. This gives:
≈ + * (7) * = acts like a convex lens and optically magnifies the image of the object. In other words, it modulates the spectrum of spatial frequencies carried by the object wave. Because of larger NA of PCF and hence larger spot size of beam, the phase curvature of the reference wave can be easily exploited for incorporating magnification during holographic recording. This optically magnified virtual image can be focused computationally using wavefront propagation.
Note that the various groups have multiplied the hologram with a spherical reconstruction wave which is an approximation of reference wave( ≈ ) to obtain original object wave . In that case the final image will be obtained with unit magnification and resolution will again be limited by the pixel pitch. Then an algorithm like tile-superposition algorithm [9] or a planar screen to spherical surface coordinate transformation [8] is required to calculate the high resolution image.
Digital focusing
Various wavefront propagation methods have been investigated by many authors and their advantages and disadvantages have been established [12, 13, 9] . We have used angular spectrum method for primary reconstruction. It is based on the Rayleigh-Sommerfeld integral and is acceptable in microscopy because of its validity in non-paraxial regime. It involves two FFT operations and a multiplication step (in Fourier domain) with the following coherent transfer function.
where is the wavelength, 3 is the distance of the image from the sensor, and are the spatial frequencies. To improve the contrast of the reconstruction, we have used maximum-likelihood blind deconvolution [14] on the amplitude of the object obtained by angular spectrum method. It is a statistical method of simultaneously estimating both point spread function and better approximation of reconstructed image.
Methods
Imaging experiments
We have used a photonic crystal fiber (PCF) with the pure silica core as a high NA (0.38 ± 0.05) coherent light source. The mode field diameter of this single mode optical fiber is 1.8 ± 0.3
. A pigtailed monochromatic laser source of 675 wavelength and 2.5 power has been connected to PCF fiber using FC/PC connector. An eight mega pixel image sensor with pixel pitch 1.12 ×1.12 and physical size 3.68 × 2.76 has been fixed at a 
Reconstruction
Holographic reconstruction has been performed by multiplying hologram by a plane wave = 1. A virtual image on the same side of sensor as object but at a larger distance is obtained (see figure 2 ). Wavefront propagation is obtained by angular spectrum method using inverse of optical transfer function shown in equation 8. The focusing of reconstructed image is achieved iteratively by changing 3 in equation 8 and assesed numerically by calculating the variance of gradient. The initial approximation of 3 is magnification times 2 . i.e. 1 
.
Maximum-likelihood blind deconvolution is applied on the images obtained in previous step. For deconvolving image in figure 4(f) , a kernel of all ones of size 5 × 5 has been used as initial estimate of point spread function. Result after 10 iterations has been shown in figure 4(g).
Twin image suppression step is optional depending on the extent of degradation and availablity of computational time. This artifact degrades image at unit magnification to a larger extent (compare figure 4(b) and 4(c)). When magnification = 2 or more, the apparent distance between the two copies of object is significantly large. Defocused twin image is spread over a larger area and hence less pronounced in the reconstruction. If necessary, twin image suppression has been done in this paper by phase retrieval algorithms described in reference [2, 3] (figure 4(d) shows result after phase retrieval). Figure 3 demonstrates lensless in-line holographic microscopy with a low NA light source. The magnification can be approximated around 1. The rbc features are not resolved because of low resolution. Figure 4e -g and 5 demonstrates lensless in-line holographic microscopy with a photonic crystal fiber at magnifications around 2 and 3. The rbc features in these images can be clearly observed because of the improved resolution. Figure 4a and c demonstrates the reduction in twin image artifact by introducing magnification. Table 1 shows the comparison of the resolution, field of view and working distance with a lens based microscope.
Results and Discussion
Two-point resolution in gaussian beam
The two point resolution of a coherent optical imaging system depends on the wavelength , numerical aperture sin and the phase difference of the two points being observed [16, 17, 18] . In a circular pupil based system, when the sample is illuminated by a plane coherent beam at an angle, the following equation defines the ability to resolve two points:
(=0.5 to 1) depends upon the phase difference of the two points under observation. The best resolution that can be obtained is for = 0.5 when the phase difference is odd multiple of ∕2 .
Here in gaussian beam holography, the illumination of object is gaussian function, the phase difference of two points under observation will depend on their transverse location on the object plane. Thus we will get a spatially varying two-point resolution. This can be seen mathematically in the following equations (shown for one-dimensional case for simplicity).
Consider two unit impulses at a distance Δ = 2 1 ( ) = ( − 1 ) + ( + 1 )
A Gaussian illumination ( ) at the plane of ( ) will result in an optical field:
( 2 ) ( 2 ) = exp( + 2
For simplicity, amplitude B has been approximated equal at these two points under observation.
Gaussian pupil
The output of imaging system will be geometrically magnified image convolved with Point image function PSF. These equations show the dependence of two point resolution on both ( ) and . Point spread function can be obtained theoretically using Rayleigh-Sommerfeld integral [11] (contribution of twin image and other components of holography have been ne-glected).
where w is the pupil radius.
ℎ ( , , ) = 1 exp( ) ; =
Amplitude of the reference beam * ( , ) acts as a Gaussian pupil.
Amplitude of : Amp( , ) ≈ exp( − 2 + 2 2 ( ) ) (19) where is the spot size and depends on . is generally restricted to radius where normalized intensity is around ∼ 0.14. As evident from the above discussion, due to gaussian illumination at object plane and gaussian nature of pupil, Abbe two point resolution becomes a complicated criterion for defining resolution here. Instead the amplitude transfer function cut-off frequency will be a better method for defining resolution here [18] . This is basically dependent on the pupil function [11] .
Cut-off frequency
Pupil function when gaussian spot size is larger than image sensor:
Corresponding amplitude transfer function:
( , ) = rect 2 2 rect 2 2 (21)
Pupil function when Gaussian spot size is smaller than image sensor:
( , ) = Circ
Corresponding Amplitude Transfer Function:
The cut-off frequency is given by:
In digital imaging, the above mentioned optical resolution (cycles/mm) is the limit only when it is lower than digital resolution limit which is the ratio of pixel pitch and magnification. Magnification is defined by the ratio of sourcesensor distance and source-object distance. Graph shown in Figure 6 tells us that the final resolution is best achieved here when the magnification is close to 2.4. This corresponds to a half-pitch resolution of ∼500 nm. Note that the digital limit in this figure refers to the ratio of pixel-pitch and magnification and the optical limit is given by equation 24.
Note that in the computational methods of microscopy, resolution is further improved during true the image estimation process and this step is basically affected by the noise and a priori information about the object.
Working distance
An interesting result in gaussian beam based lensless imaging is that the resolution is independent of the actual values of and 2 but instead depends on the ratio. This can be seen for optical resolution by rearranging the equation 22. where is the numerical aperture of optical fiber used as the source. Digital resolution also depends on the ratio of and 1 instead of their actual values. This shows that a larger working distance can be obtained by scaling up and 2 without compromising resolution with same optical fiber source. This scaling up will also lead to an increased FOV. Here in this paper, we have demonstrated =∼ 3.4 mm and 1 = 2 =∼ 1.7 mm. The limit on this scaling up is defined by the following factors: First, the physical size of image sensor i.e. aperture of gaussian beam should be smaller or equal to the image sensor dimensions. Second, the coherence length of light should be long enough to record the spectrum in the hologram to the extent of above defined bandwidth (see reference [19] for detail on this). Also, for larger working distances, angular spectrum method shows accumulation of error. Various investigators have shown different solutions to reduce these errors [12, 13] .
Conclusions
The presented method of lensless digital in-line holographic microscopy used photonic crystal fiber as high numerical aperture (NA) coherent light source together with angular spectrum method and maximum-likelihood blind deconvolution algorithm. This led to an improvement in both lateral resolution and working distance as compared to previous methods of single-shot lensless imaging. Field of view is reduced by the factor of magnification but is still better than the FOV of 20X objective (at lensless magnification =2). 
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